Measuring the mass of propellants for long duration missions is desirable in order to avoid carrying excess propellant mass, and its associated tankage, to compensate for uncertainties in the propellant mass and propellant boil off calculations. Many of the stateof-the-art propellant gauging methods would not be appropriate for use with cryogenic propellants or would complicate the mission timeline with additional procedures including settling burns. This paper describes the design, construction, and testing of a propellant mass gauge suitable for low-g operation for various tank pressures, fill levels, and tank geometries, that does not interfere with vehicle operations. The OMGS has been designed with the intention of testing it in zero-gravity environment. The optical gauging technique relies on the optical absorption of the liquid oxygen. With no moving parts or valves required by the OMGS, reliability will be substantially increased relative to other mass gauging techniques. Bench testing previously indicated that accuracies better than 1% are achievable, independent of propellant thermodynamics and liquid-vapor interface configuration and position. Further, the propellant mass can be and has been measured on a continuous basis with better accuracy. Thus, health monitoring would be improved, mission support simplified, and propellant mass plus tank size/weight could be reduced with the improved accuracy. OMGS accuracy verification testing was performed in a government test facility utilizing liquid oxygen as the analyte. OMGS predictions were compared a load cell system supporting the weight of the half scale liquid oxygen tank. Liquid oxygen mass determinations were performed by the OMGS at a range of fill levels from zero to 1800kgs and at pressures as high as 265psia. The OMGS accuracy goal of +/-3% of full scale was not met for all fill levels. One of the OMGS configurations yielded mass predictions within +/-3% of the load cell measurements except for fill levels between 80 and 90%. Several OMGS configurations were utilized during accuracy verification testing. A discussion of test results and recommendations for accuracy improvements is contained within this paper. 
I. Introduction
N accurate Mass Gauge Sensor for Zero Gravity applications is highly desirable for long duration mission in space to determining remaining level of propellants. The design, construction and testing of an Optical Mass Gauge Sensor (OMGS) for Liquid Oxygen is presented in this paper, along with the test results and recommendations for improvement of the next generation of OMGS.
The main principle governing the optical mass gauging technique is optical spectral absorption of an analyte, specifically, differential optical spectral absorption. Two electromagnetic emission sources are utilized. Ideally, one source is a wavelength that is absorbed by the analyte and the other one is not absorbed. Because both wavelengths are launched from the same emission point it is assumed that the rays that reach the detectors have followed the same path length. By utilizing differential absorption technique, the ratio of the two signal strengths is used to determine the mass of analyte present. For purposes of discussion we will be discussing the measurement of liquid oxygen. Beers-Bouger's law states that there is a logarithmic dependence between the transmission of light through a substance and the product of the absorption coefficient of the substance and the distance the light travels through the material (i.e. the path length):
In this expression L is the path length of the light through the liquid oxygen in units of meters (m) and, consequently, the absorption coefficient α is to be reported in units of m -1 . Io is the initial signal intensity (watts). A differential absorption method, based on the liquid oxygen absorption coefficient, is used to determine the mass of liquid oxygen in the tank. For this differential signal, two wavelengths will be used, one absorbing at 689 nm and the other one non-absorbing at 669 nm ( Figure. 
Where I 0,1 and I 0,2 are the intensities of the non-absorbing and absorbing wavelengths before they enter the liquid oxygen, I 1 (L) and I 2 (L) are the intensities of the non-absorbing and absorbing wavelengths after they exit the liquid oxygen. α 1 and α 2 are the absorption coefficients of liquid oxygen for the non-absorbing and absorbing wavelengths.
When making the ratio of equation (2) and (3) and using logarithmic formulas, we obtain an equation form of: 
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The path length of the light through liquid oxygen is directly correlated to the mass of liquid in the tank. This equation shows that the value of k is very sensitive to the value of the absorption coefficients of the liquid oxygen. The power output of the laser has less effect on the determination. Thus, using accurate absorption coefficients for liquid oxygen is essential to determine its mass accurately.
The knowledge of the optical absorption coefficients of the liquid oxygen is critical to the success of the OMGS. Few papers have been published on the liquid oxygen absorption properties. The optical absorption spectrum of liquid oxygen had to be measured precisely in house ( Figure. The choice of the absorbing and non-absorbing laser wavelength is critical for the determination of the liquid oxygen mass in a large vessel. A simple calculation indicates that in a large prototypical tank of several hundred cubic feet the larger absorption coefficient are not practical for use as the excitation source would need to be very high powered to not be completely absorbed. [1] Due to the strong absorption coefficient of liquid oxygen, a low absorption coefficient is desirable. The lower the value is, the longer the radiation will travel through the liquid oxygen, allowing a good sampling of the fluid in the tank. Thus, the 660 to 695 nm region is of particular interest.
Once the absorption coefficients have been chosen in conjunction with knowledge that the predictive equation is logarithmic, a two point calibration technique can be employed to determine the mass prediction equation. Thus, an optical system throughput of the cryogenic tank was measured at empty and full to create the two points.
II. Design & Construction
The OMGS utilized 600 microns core fiber optics to transmit the signals from the electro-optic hardware rack to the test tank and back. The hardware interface at the tank utilized cryogenic sapphire windows welded into a stainless steel housing ( Figure. 2). The fiber optic assembly shown in Figure. 2 is assembled to align the fiber optics with the viewport.
Figure.2 OMGS tank interface with viewports
Figure3 shows an interface diagram, featuring the components used in the OMG sensor.
Figure 3. Interface diagram
The Top and Bottom OMG sensor assemblies are fixed in the tank.. The rack mount hardware is composed of:
• A monitor and keyboard to control and access the OMG software • A CPU to process the data • 8 fiber optics spectrometers • 4 fiber optics laser diodes • And the electronic for the lasers (thermoelectric cooler, controllers)
The figure and table below provide an explanation of the function of each spectrometer channel.
Spectrometers
Laser viewport
Sensor viewport
Fiber optic assembly The laser wavelengths were chosen to match the liquid oxygen absorbing and non-absorbing coefficients. The two OMGS assemblies (top & bottom) were located in the tank using existing ports. Figure.5 shows the final installed orientation of the lasers and detectors [S1T, S2T…etc].
Figure.5: OMGS detector orientation
The system was assembled and tested prior to installation in the government facility; two optical fibers were found to be damaged at this time and could not be utilized to monitor laser output.
III. Results
The primary objective of this testing was to compare the OMGS mass prediction to the highly accurate reference system at the facility. The reference system utilizes calibrated load cells to measure the mass of liquid contained inside the tank. A Test matrix was established to evaluate the performance of the OMGS at various tank pressures (between 50 and 250 psi) and fill. The table below shows the six variations of OMGS assembly presented in this paper. 
A. Predictive equation
A predictive equation is implemented in the data acquisition system prior to each test. The prediction equation is based on data collected at empty and 100% fill level. Following are some of the test results.
B. Test 1: Top Laser-Top Detectors
The data acquisition was set with top lasers only (at 667.7 & 691.3 nm), the 3 top detectors activated (d0, d1, d2) and a tank pressurized at 50 psi. At these wavelengths, the absorption coefficient is known and when measuring the intensity at full and empty the predicted equation for this test is: y = 944 ln(x) +185. The OMGS associated error is compared to the load cell reference system (Figure. In this graph, the two red line represent +/-3% error of the OMGS compared with the highly accurate load cell. For this testing the maximum error is 40% when the tank is 90% full. The reason for this anomaly in the mass measurement is that some of the light, from both absorbing and non-absorbing wavelength, is reflecting off the surface of the liquid as it gets closer from the laser. This light is then reaching the top detectors with relative intensity superior to what it should have normally been as if it had gone through the liquid. Thus, the ratio of the absorbing by non-absorbing wavelength decreases, as the intensity of both wavelengths is in the same order of magnitude. This effect leads to an incorrect mass measurement and then an increase error compare to the load cells measurement.
A. Test 2:Bottom Laser -Bottom Detectors
The data acquisition was set with bottom laser only (at 670 & 691.8 nm) and the 3 bottom detectors activated (d4, d6, d7) and a tank pressurized at 50 psi. At this wavelengths and when measuring the intensity at full and empty the predicted equation for this test is: y = 864 ln(x) -115. The OMGS associated error is compared to the load cell reference system ( Figure.7 ). 
Figure.7 Full Scale Error of the OMGS compared to the Load Cells Bottom Laser -Bottom detectors at 50 psi Predicted equation y=864 ln(x)-115
For this testing, no anomaly is observed during the mass measurement as both emitter and detectors are submerged in liquid oxygen. But the accuracy is reduced as half the detectors of the OMGS are not active. Having both laser emitting allows a better illumination in the tank and top and bottom detector active allow a better sampling of the light absorbed.
B. Test 3: Top & Bottom Laser -Top & Bottom Detectors
A fill and drain was performed at 50 PSI. The data acquisition was set with both laser emitting (at 691nm and 669nm) and 4 detectors activated (One Top d0, and the 3 bottom ones d4, d6, d7) and a tank pressurized at 50 psi. At this wavelengths and when measuring the intensity at full and empty the predicted equation for this test is: y = 751 ln(x) +112. The OMGS associated error is compared to the load cell reference system ( Figure.8 ). 
Figure.8 Full Scale Error of the OMGS compared to the Load Cells Top& bottom laser -top & bottom detectors at 50 psi Predicted equation y=751 ln(x)+112
In this testing, the top detectors are responsible for the inaccuracy at 90% of the full volume of liquid oxygen. The individual response of the top detectors clearly shows a decrease in the ratio of the two wavelengths. Two hypotheses are under investigation to explain such behavior: direct reflection from the liquid surface and direct or second reflection off the internal reflective hardware.
The same test was performed a different day with a tank half full at 50 PSI. The data acquisition was set with both laser emitting (at 691nm and 669nm) and 4 detectors activated (One Top d0, and the 3 bottom ones d4, d6, d7) and a tank pressurized at 50 psi. At this wavelengths and when measuring the intensity at full and empty the predicted equation for this test is: y = 781 ln(x) +56.7. The OMGS associated error is compared to the load cell reference system ( Figure.9 ). 
Figure.9 Full Scale Error of the OMGS compared to the Load Cells Top& bottom laser -top & bottom detectors at 50 psi Predicted equation y=781 ln(x)+56
The results of this configuration test show an average OMGS error of 0.54% compared to the load cells.
C. Test 4: Top & Bottom Laser -Top & Bottom Detectors
A fill and drain was performed at 150 PSI. The data acquisition was set with the top lasers emitting only emitting (at 691nm and 669nm) and 4 detectors activated (One Top d0, and the 3 bottom ones d4, d6, d7). At this wavelengths and when measuring the intensity at full and empty the predicted equation for this test is: y = 781 ln(x) +56. The OMGS associated error is compared to the load cell reference system ( Figure.10 ). 
D. Test 5: Top & Bottom Laser -Bottom detectors
The data acquisition was set with both lasers on (at 669 & 691.3 nm) and the 3 bottom detectors activated (d4, d6, d7) and a tank pressurized at 50 psi. At this wavelengths and when measuring the intensity at full and empty the predicted equation for this test is: y = 779 ln(x) +73. The OMGS associated error is compared to the load cell reference system ( Figure.11 ). 
Figure.11 Full Scale Error of the OMGS compared to the Load Cells Top & Bottom laser -Bottom Detector at 50 psi Predicted equation y = 779 ln(x) +73
Having only the bottom detectors active suppress the inaccuracy occurring when the tank is getting full. The 6% error point is due to the pump and Spray bar activation during the data acquisition.
E. Drifting over time Test
The OMGS was set up to make data acquisition automatically every 5 min, with an empty tank for 11days. The goal of this testing was to evaluate the stability of the OMGS lasers for a long period of time. As no fiber/detector was used to monitor the output of the laser (to have a feedback loop in order to have a constant output), a variation in the data acquisition was expected over the time. Figure 12 shows the error of the OMGS over the time when the tank is empty. Prior to test, the two fiber optics that were designed to monitor the laser output were damaged. During this testing, a nitrogen fill and drain (8500min) was performed as well as a liquid oxygen fill and drain (9500 min). The result of this test shows a slow but constant shift of the laser output over the time. This can be easily corrected by monitoring laser output and normalizing the mass determination. This test results also shows how important laser monitoring is for the OMGS during long duration space mission in order to avoid inaccurate mass measurement.
III. Conclusion & Recommendation
A Liquid Oxygen Optical Mass Gauge Sensor for Zero-Gravity application was successfully tested on the ground in a governmental facility. The goal of measuring the mass of liquid propellant within 3% of the actual weight was not achieve for all the OMGS configurations. The gauging method was able to operate at propellant tank ullage pressures ranging from 15 to 265 psi without impacting the system. The gauging method was capable of operating with the presence of other hardware in the propellant tanks such as pressure control hardware. The installation and operation of the OMGS had minimal impact on other elements or functions including power, weight, structural interfaces, instrumentation, and data management.
This full scale liquid oxygen optical mass gauge sensor test indicates that the OMGS is a viable technology for determining the mass of liquid oxygen for ground and space applications. For increased accuracy, significant upgrades are found to be necessary to improve its reliability and accuracy. Increasing the number of detectors will statistically improve the detection. Utilizing fast response detectors instead of fiber optic spectrometers will increase accuracy, reliability and reduce error due to temperature drift inherent in the spectrometer. The use of fast (gigahertz) optical pulsed/gated sensors would also remove undesired direct reflection of the light from the surface or hardware by monitoring the light coming back only after it went through at least twice the tank length. Finally, monitoring the emitters output would eliminate any errors due to emission drift.
